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Global increase in sea temperatures has been suggested to facilitate the incoming and spread of tropical invaders. The increas-
ing success of these species may be related to their higher physiological performance compared with indigenous ones. Here, 
we determined the effect of temperature on the aerobic metabolic scope (MS) of two herbivorous fish species that occupy a 
similar ecological niche in the Mediterranean Sea: the native salema (Sarpa salpa) and the invasive marbled spinefoot (Siganus 
rivulatus). Our results demonstrate a large difference in the optimal temperature for aerobic scope between the salema 
(21.8°C) and the marbled spinefoot (29.1°C), highlighting the importance of temperature in determining the energy availabil-
ity and, potentially, the distribution patterns of the two species. A modelling approach based on a present-day projection and 
a future scenario for oceanographic conditions was used to make predictions about the thermal habitat suitability (THS, an 
index based on the relationship between MS and temperature) of the two species, both at the basin level (the whole 
Mediterranean Sea) and at the regional level (the Sicilian Channel, a key area for the inflow of invasive species from the Eastern 
to the Western Mediterranean Sea). For the present-day projection, our basin-scale model shows higher THS of the marbled 
spinefoot than the salema in the Eastern compared with the Western Mediterranean Sea. However, by 2050, the THS of the 
marbled spinefoot is predicted to increase throughout the whole Mediterranean Sea, causing its westward expansion. 
Nevertheless, the regional-scale model suggests that the future thermal conditions of Western Sicily will remain relatively 
unsuitable for the invasive species and could act as a barrier for its spread westward. We suggest that metabolic scope can be 
used as a tool to evaluate the potential invasiveness of alien species and the resilience to global warming of native species.
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Introduction
Sea surface temperatures are predicted to continue rising 
globally throughout the 21st century, with dramatic conse-
quences for marine ecosystems in the near future (IPCC, 
2013). Rapid poleward shifts of isotherms were recorded in 
recent decades, specifically in the northern hemisphere 
(Burrows et al., 2011), ultimately contributing to changes in 
the composition of marine communities (Harley et al., 2006). 
Direct effects of temperature changes include a shift in spe-
cies distribution (i.e. range contractions or extensions) 
towards higher latitudes and depths (Perry et al., 2005) and 
an increase in extinction rates of many marine organisms 
(Ben Rais Lasram et al., 2010). It was argued that one of the 
first processes to cause extinction or relocation to cooler 
waters is the reduction in aerobic performance in warming 
conditions (Pörtner and Knust, 2007). However, species do 
not exist in isolation but as part of large communities of 
interacting species; recent studies revealed the importance of 
taking into account species interactions as biotic multipliers 
of climate change effects (Zarnetske et al., 2012; Blois et al., 
2013; Milazzo et al., 2013). Therefore, the relative changes 
in the performance of interacting species are expected to pro-
vide useful insights to explain invasion success (Azzurro 
et al., 2014) and to predict future changes in species distribu-
tion (Pörtner and Knust, 2007; Pörtner and Farrell, 2008).
In the Mediterranean Sea, warming conditions are believed 
to be facilitating the arrival and spread of tropical invaders at 
an unprecedented rate (Hiddink et al., 2012). This basin can 
be considered as a model area for investigation of the differ-
ent thermal windows of interacting species and the potential 
ecological consequences of climate change. At present, almost 
90 fish species (Belmaker et al., 2013; Golani et al., 2002) 
coming from the Red Sea (hereafter referred as Lessepsian 
migrants) have entered the Mediterranean Sea through the 
Suez Canal. This represents the main invasion route for alien 
species (Galil, 2009; Zenetos et al., 2010, 2012). This phe-
nomenon, once confined to Levantine waters (Por, 1990), is 
proceeding with an apparent accelerating rate of introduc-
tions (Galil, 2009). Moreover, it has recently started to 
extend westwards through the Sicilian Channel (Quignard 
and Tomasini, 2000), which separates the western and the 
eastern sectors of the basin. This channel has long been con-
sidered the ultimate limit to the spread of Lessepsian fish spe-
cies to the Western Mediterranean (Quignard and Tomasini, 
2000). However, in the last two decades, the number of trop-
ical and subtropical fishes recorded in this area has dramati-
cally increased (Azzurro et al., 2013a), and a few of them 
recently reached the western sectors of the basin (e.g. 
Fistularia commersonii, Azzurro et al., 2012). An increasing 
number of studies have used ecological modelling for predict-
ing the future distribution of native and invasive fishes in the 
Mediterranean Sea (Ben Rais Lasram et al., 2010; Albouy 
et al., 2012, 2013) and have suggested that the projected cli-
mate change might cause a significant loss of climatically 
suitable habitat for endemic fish species (Albouy et al., 2013).
The increasing success of the tropical invasive species may 
be related in part to the fact that their thermal window of 
aerobic performance is likely to be shifted towards warmer 
temperatures than that of the temperate indigenous species. 
Here, we investigated the relationship between temperature 
and aerobic performance in a pair of herbivorous fish species 
that occupy a similar ecological niche: the invasive marbled 
spinefoot (Siganus rivulatus) and its native counterpart, the 
salema (Sarpa salpa). These two species are among the few 
herbivorous fishes occurring in the Mediterranean (Azzurro 
et al., 2007) and they may compete with each other (Golani, 
1993), especially in conditions of limiting trophic resources, 
such as reduced algal biomass (Sala et al., 2011). The marbled 
spinefoot entered the Mediterranean through the Suez Canal 
in the 1920s and established a large population along the 
African coast around the 1940s (Golani et al., 2002). It has 
also spread through the Sicilian Channel, via the African 
coasts (Golani et al., 2002), but has not yet entered the 
Western Mediterranean (Zenetos et al., 2010; Golani, et al., 
2002). The native salema is very common and widespread 
along the Mediterranean coasts (Verlaque, 1990), but in the 
easternmost sectors of the Mediterranean, this species has 
probably been outcompeted by the marbled spinefoot (Bariche 
et al., 2004; Galil, 2009), and a competitive superiority of 
marbled spinefoot vs. salema has been hypothesized (Bariche 
et al., 2004). Furthermore, other Siganid species (e.g. Siganus 
luridus) have recently extended their distribution, colonizing 
the islands of the Sicilian Channel (Schembri et al., 2012; 
Azzurro and Andaloro, 2014). Expected changes in the rela-
tive dominance of these two herbivorous species might have 
important ecological consequences in the near future, because 
Siganids have the potential to graze algal resources intensively 
and cause large-scale impact on natural habitats and local 
food chains (Sala et al., 2011; Vergés et al., 2014a).
Here, we aim to estimate how changes in water tempera-
ture influence the physiological performances (i.e. metabolic 
scope, MS) of both marbled spinefoot and salema. Metabolic 
scope represents the scope within which aerobic activities, 
such as swimming, feeding or growth, must be accommo-
dated (Fry, 1971). As such, MS is a suitable metric for analys-
ing the energetics of habitat selection (Fry, 1971) and is 
related to the ecological success of a given species (Pörtner 
and Knust, 2007). Thus, MS can provide a bioenergetic basis 
for studying how environmental constraints govern the spa-
tial and temporal distribution pattern of fishes (Cucco et al., 
2012a). We used this information to model the thermal habi-
tat suitability (THS, a dimensionless index based on the rela-
tionship between MS and temperature) in relationship to 
current and future environmental conditions, taking the 
whole Mediterranean Sea into account, and focusing on the 
Sicilian Channel (Fig. 1) because of its biogeographical rele-
vance for the westward progress of this invasion. A multidis-
ciplinary approach combining a physiological empirical 
model and oceanographic numerical models was employed 
to evaluate THS of marbled spinefoot vs. salema, and to 
allow predictions of future fish distributions.
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Materials and methods
Area of investigation
The Mediterranean Sea is divided in two main sub-sectors, the 
western and the eastern basins, which are connected through 
the shallower Sicilian Channel (Manzella et al., 1988; Astraldi 
et al., 1999). The exchanges of water with the Atlantic Ocean, 
the Black Sea and the Red Sea are controlled through the shal-
low straits of Gibraltar, the Bosphorus and the Suez Channel, 
respectively. The average surface temperature ranges roughly 
between 16 and 20°C in the winter and between 24 and 28°C 
in the summer, with generally higher temperatures (by ∼2°C) 
in the eastern basin. Mediterranean isotherms are rapidly 
shifting west- and northwards, and average sea surface tem-
perature is predicted to increase by a further 2.3–2.6°C or 
even 3.1°C by the end of this century (Somot et al., 2008).
The water circulation of the Sicilian Channel is character-
ized by the presence of two main current patterns: a south-
eastern surface flow, which transfers the Atlantic water (AW) 
from the western to the eastern sub-basin; and a north- 
westward sub-surface current in the opposite direction, which 
exchanges the intermediate Levantine water (LIW) between 
the eastern and western sub-basins (Malanotte-Rizzoli, 2001). 
Ten years (1983–1992) of monthly averaged sea surface tem-
perature maps reveal that during the climatological winter, the 
isotherms run zonally from the Sicilian Channel to Cyprus. 
This generates a bimodal (north–south oriented) regimen of 
the surface temperature within the Sicilian Channel (Marullo 
et al., 2007). The climatological summer yields southern ther-
mal fronts, especially within the Sicilian Channel, where a 
strong coastal upwelling appears along the Sicilian coastlines. 
Two regions with different thermal regimens dominate the 
Sicilian Channel throughout the year: a warmer region along 
the African coasts and a colder region along the southern 
coasts of Sicily.
Overview of methods
Physiological empirical models and oceanographic numerical 
modelling were used to make predictions of how changes in 
environmental conditions may affect the thermal habitat suit-
ability of the native salema and the invasive marbled spine-
foot in the Mediterranean Sea. Two different climate scenarios 
were considered: a present-day projection (RA, hereafter 
‘present day’) corresponding to the past decade from 2001 to 
2009; and a near future scenario, 2040–2049, based on a 
national enterprise scenario driven by atmospheric condi-
tions of an A2 AR4 SRES projection (A2, hereafter ‘future 
scenario’). The overall approach consists of the following 
steps: (i) measurement of metabolic scope in the two fish spe-
cies and defining the equation relating MS and temperature; 
(ii) modelling the oceanographic conditions to predict the 
changes in temperature and other hydrodynamic variables in 
the selected coastal waters in relationship to the present-day 
projection and the future scenarios; and (iii) coupling the 
physiological relationships with the oceanographic model to 
run the simulations of the present-day projection and the 
future scenarios.
Measuring the metabolic scope of salema 
and marbled spinefoot
A total of 72 wild juvenile marbled spinefoot (total length 
11.8 ± 1.3 cm; mass 19.1 ± 6.4 g at the time of testing) were 
captured along the Lebanese coast, offshore of Beirut. They 
were transported via air cargo to the IAMC-CNR laboratory 
in Oristano (Sardinia), where they were transferred to a cir-
cular tank (1.5 m diameter) supplied with recirculated natu-
ral sea water maintained at constant temperature (20 ± 0.3°C) 
and salinity (35.1 ± 0.2‰), under a natural photoperiod. A 
total of 72 wild juvenile salema (total length 11.1 ± 1.1 cm; 
mass 19.4 ± 5.8 g at the time of testing) were captured in the 
Oristano Gulf, Sardinia, Italy and transported to the IAMC-
CNR laboratory, where they were maintained in the same 
way as the marbled spinefoot. One month later, groups of 12 
individuals of each species were transferred to rectangular 
100 l aquaria (a total of 12 aquaria, six per species, each one 
containing 12 individuals). The six different aquaria for each 
species were used to acclimate each group of 12 fish to six 
different water temperatures (i.e. 17, 20, 23, 26, 29 and 
32°C). Final acclimation temperature was reached by increas-
ing (or decreasing, depending of the final acclimation 
 temperature) the water temperature by 1°C per day. Fish 
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Figure 1: Sicilian Channel, study area. P1 to P5 show the locations of 
the stations adopted for a time series analysis of the NMS in the 
regional-scale model.
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were left for 1 month at the final acclimation temperature 
before a single experiment. Note that none of S. salpa indi-
viduals survived at acclimation temperatures higher than 
26°C. Fish were fed daily with commercial pellets, and feed-
ing was suspended for at least 24 h before testing.
Metabolic rate was measured in individual animals. Fish 
were removed from the holding tank and introduced into a 
round tank (50 l), where they were chased to exhaustion. 
Fish were considered exhausted when they did not respond to 
stimulation (Roche et al., 2013). Immediately after exhaus-
tion, fish were placed in one of four static respirometers 
(0.5 l; Loligo Systems, Tjele, Denmark) immersed in an outer 
tank. Instantaneous oxygen uptake (MO2, in milligrams of 
O2 per kilogram per hour) was measured by intermittent flow 
respirometry (Steffensen, 1989) once every 30 min. Temp-
erature was kept constant for the duration of the experiment. 
Metabolic scope was assessed in non-limiting oxygen condi-
tions (i.e. in normoxia corresponding to an oxygen satura-
tion >80%). Water flow from the external bath through the 
respirometers was driven by an external pump that was set to 
turn on and off for alternating 15 min periods. This allowed 
decreases in water oxygen content to be measured every 15 s 
for 15 min while the respirometer was in the closed state. The 
respirometer was then flushed with aerated water for 15 min. 
The oxygen consumption during each closed phase was cal-
culated using linear least-squares regression (excluding the 
first and last 2 min of each closed phase). Fish could not see 
each other nor interact while in the separate respirometers 
during the measurement of oxygen consumption. Water oxy-
gen levels were measured with optodes (Oxy-4 mini; PreSens 
Precision Sensing GmbH, Regensburg, Germany) and associ-
ated software (Pre-Sens Oxy 4v2), and MO2 was then calcu-
lated (Marras et al., 2010, 2013; Killen et al., 2011, 2012). 
Fish were left in the tank for 24 h, then removed, measured 
for length, width and weight and placed in a common hold-
ing tank different from the one used for acclimation. 
Measurements of background microbial respiration in the 
system were taken before and after the oxygen measurement 
in the respirometers.
The first 15 min (excluding the first and last 2 min as 
described above) of the oxygen consumption measurements 
obtained immediately after the introduction of individual 
fish into the respirometer were used to determine the 
 maximal metabolic rate (MMR), which is the maximal aer-
obic metabolic rate measured in non-limiting conditions. 
Standard metabolic rate (SMR), which supports mainte-
nance activities, such as ventilation or osmoregulation, and 
corresponds to the oxygen consumption of a resting, fasted 
and non-maturing fish, was measured using the 15th per-
centile method (Chabot and Claireaux, 2008). Metabolic 
scope (MS, i.e. the energy available to an individual to 
accomplish all of its tasks, including swimming, digestion 
etc.) was obtained as the difference between MMR and 
SMR as follows:
 MS MMR SMR= − ,  (1)
where MMR (in milligrams of O2 per kilogram per hour) and 
SMR (in milligrams of O2 per kilogram per hour) are based 
on the following equations:
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(2)
 SMR = a × ×exp(b T)  (3)
where Tact is the temperature at which MMR (MO2max in the 
study by Lefrançois and Claireaux, 2003) is maximized and 
Tm is the temperature at which MMR is equal to zero. The 
values for Tact, Tm and the remaining empirical parameters (a, 
b, ω and δ) were obtained as the result of the fitting proce-
dure between the MMR, SMR experimental data and the 
parametric functions described by equations (2) and (3).
The numerical models and the simulation 
set-up for present-day and future scenarios
Two different numerical approaches were followed to simu-
late the changes of the thermal habitat between the present-
day projection and the future scenario at Mediterranean basin 
scale and at sub-regional scale for the Sicilian Channel area. 
At the basin scale, the Proudman Oceanographic Laboratory 
Coastal Ocean Modelling System [POLCOMS; Holt and 
James, 2001) was implemented. This model is a three-dimen-
sional, baroclinic, primitive equations model using terrain 
 following σ-coordinates in the vertical direction. The imple-
mentation of the Mediterranean Sea model extends over the 
whole basin, with an open boundary at the Gibraltar Strait 
and a closed boundary at the Bosphorus Strait. The model 
domain was discretized using a finite difference mesh with a 
spatial resolution of 0.1° for the horizontal directions and 40 
levels with a variable intralevel distance for the vertical direc-
tion. At the regional scale, a high-resolution three-dimensional 
hydrodynamic numerical model (SHYFEM3D, Umgiesser 
and Bergamasco, 1995; Umgiesser et al., 2004; Cucco et al., 
2009, 2012b) based on the finite element method was applied. 
SHYFEM3D solves the shallow water equations integrated 
over each layer in their formulations with water levels and 
transports. SHYFEM3D uses finite elements for horizontal 
spatial discretization, with z-layers for vertical discretization. 
The SHYFEM3D implementation covers the area comprised 
between 8.5° and 16.5° longitude and 31.2° and 39.5° lati-
tude and includes the whole Sicilian Channel, part of the 
Sardinian Channel and Southern Tyrrhenian Sea. The model 
domain was discretized by an unstructured finite element 
mesh with a spatial resolution varying between 300 m along 
the coastlines and 10 km for the inner part of the channel and 
for the eastern and western domain boundaries. Forty levels 
were used for the vertical direction.
The data providing atmospheric and ocean boundary con-
dition forcing of the POLCOMS model simulations were 
based on present-day reanalysis data, modified by reference 
to data from the ECHAM5 GCM for the future projections 
(Jungclaus et al., 2006; Roeckner et al., 2006). For the 
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 present-day model runs (2000–2009), atmospheric reanalysis 
data were taken from ERA-Interim data (http://www.ecmwf.
int/en/research/climate-reanalysis/era-interim) for the meteo-
rological forcing and from GLORYS2 reanalysis (www. 
mercator-ocean.fr) for the ocean boundary conditions. The 
spatial resolution is about 0.7° for ERA-Interim and 0.25° 
for GLORYS2, with a temporal resolution of at least 24 h for 
all variables. River flow data were taken from the Global 
NEWS database (Seitzinger et al., 2005). A delta method was 
used to create forcing data for the future scenario, in order to 
retain the spatial and temporal resolution of the reanalysis 
data. The future scenario data set was generated from the 
present-day values by applying a modification of the same 
size as the difference between the 2000s and 2040s given by 
the GCM. Changes in river forcings were derived from the 
results of the ELME project (Langmead et al., 2007).
A downscaling technique was adopted to simulate the 
hydrodynamics of the Sicilian Channel for the two decades of 
the present-day projection and future scenario. The approach 
consisted of using the three-dimensional oceanographic data 
[water temperature (T), water salinity (S), water currents 
(Vel) and water levels (η)] produced by the POLCOMS model 
basin-scale application, as well as the meteorological data 
sets previously described, as open boundaries and forcing 
conditions for the SHYFEM3D model runs. A relaxation 
procedure was adopted to constrain the SHYFEM3D model 
solution to the imposed T, S and Vel values along the whole 
lateral boundary and for an inner buffer zone extending 
25 km inside the domain (Cucco et al., 2012b). No river 
loads were included as lateral boundary conditions. This is 
because the investigated area is characterized by an arid and 
semi-arid climate, with no major river inflows.
Coupling physiological relationships 
with modelling to assess thermal habitat 
suitability
The results of the present-day and future model runs were 
processed to obtain the temporal and spatial variability of the 
daily water temperature obtained by averaging the values 
computed between the sea surface and a depth of 30 m for 
the sub-regional scale analysis, and only at the surface for the 
basin-scale analysis. The data sets obtained consisted of hori-
zontal distributions of the daily temperature values during 
the two climatological conditions computed both from the 
basin-scale model results and from the sub-regional model 
results. The temperature values were used as input data for 
computing the spatial and temporal variability of the MS of 
the two fish species for the present-day projection and the 
future scenario at both basin and regional scales. The mean 
monthly temperatures for the present-day projection and the 
future scenario in the Sicilian Channel ranged between 13.1 
and 31.2°C.
The differences in the aerobic performance for a defined 
thermal environment between the two fish species were com-
puted by defining the thermal habitat suitability (THS) and the 
coexistence factor (CF). The THS is a dimensionless index that 
was computed, for each element of the model domain, as the 
time average of the MS values normalized with respect to the 
maximal computed value MSmax (NMS):
 
THS
MSi
i t
t
N
N
=
×
=
∑ ( )
.
,
max
MS
0
 
(4)
The THS computed for the whole simulated period (N) and 
for both fish species ranged between zero and one, providing 
a degree of suitability within each element of the model 
domain (i) in relationship to the two fish species.
Considering NMS:
 
NMS
MS
MSi
i
=
max
,
  
(5)
computed for each element of the domain and for both fish 
species, a theoretical threshold (TMS) of NMS for high aero-
bic performance was identified based on the current distri-
bution of the two fish species and the corresponding thermal 
habitat suitability values. The coexistence factor was calcu-
lated from the QMS, which is a binary quantity calculated 
by associating to the elements i a value of one when 
THS > TMS and a value of zero when NMS < TMS. The QMS 
provided a semi-quantitative evaluation of the environmen-
tal fitness for both fishes. The coexistence factor was defined 
as the difference between the QMS computed for the mar-
bled spinefoot and those computed for the salema. 
Coexistence factor ranges between minus one and one and 
reads as:
 CF QMS QMSi i
S
i
R
= − ,  (6)
 
QMS THS MSiS i T= ≤0 ,
 
 
QMS THS > MSiS i T= 1 ,
 
 
QMS THS MSiR i T= ≤0 ,
 
 
QMS THS > MSiR i T= 1 ,
 
where the superscripts R and S stand for marbled spinefoot 
and salema, respectively. A negative and a positive value of 
CF indicate environmental conditions favouring marbled 
spinefoot and salema, respectively, whereas CF = 0 indicates 
areas where fish species are favoured equally by the thermal 
conditions.
Results
Metabolic response of salema 
and marbled spinefoot
The curves shown in Fig. 2 describe the relationship between 
MS and water temperature for both native and invasive 
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 species. The values of the empirical parameters obtained by 
the fitting procedure are shown in Table 1, for each species. 
Metabolic scope increased as a function of temperature until 
it reached a maximal value. The optimal temperature for 
aerobic scope (Topt) was defined as the temperature at which 
the MS was maximum. Beyond Topt, MS decreased at a cer-
tain rate until it reached zero. Critical temperature (T crit) 
was defined as the temperature at which MS was equal to 
zero. Metabolic scope curves in the salema and marbled 
spinefoot were described by different values of Topt and T crit. 
Metabolic scope increased in the salema up to a maximal 
value of 709 mg O2 kg−1 h−1 at 21.8°C (i.e. Topt), whereas at 
higher temperatures MS decreased to zero at T = 28.7°C (i.e. 
T crit). In line with their T crit, none of the salema individuals 
survived at the acclimation temperatures of 29 and 32°C. In 
the marbled spinefoot, MS increased up to a maximal value 
of 850 mgO2 kg−1 h−1 at 29.1°C (i.e. Topt), whereas at higher 
temperatures it decreased to zero at T = 37.5°C (i.e. T crit). 
The normalized MS as a function of water temperature is 
shown in Fig. 2B for both species.
Table 1. List of the parameters and corresponding values used to 
estimate Eq. (2) and (3).
Parameters Units Values for S. salpa
Values for 
S. rivulatus
a mg O2 kg−1 h−1 190.2 176.7
b °C−1 0.067 0.050
ω 1.4 1.3
δ mg O2 kg−1 h−1 6931.1 6762.2
Tm °C 32.8 42.7
Tact °C 24.3 32.2
6
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Figure 2: (A) Metabolic scope (MS) curve as a function of temperature in marbled spinefoot (Siganus rivulatus) and salema (Sarpa salpa). Green 
squares represent the MS values measured in salema and red circles represent the MS values measured in marbled spinefoot (means ± SD). Note 
that none of the S. salpa individuals survived at acclimation temperatures higher than 26°C. (B) Normalized MS as a function of temperature in 
marbled spinefoot and salema.
 at CN
R on January 21, 2015
http://conphys.oxfordjournals.org/
D
ow
nloaded from
 
The accuracy of the computed empirical function was veri-
fied by comparing the MS obtained from the empirical mea-
surements of MMR and SMR, carried out during the whole set 
of laboratory experiments in both fish species, and the pre-
dicted ones (MSpre). A linear regression analysis based on equa-
tion (1) was performed (forcing the regression line through the 
origin), and the following significant relationship was found:
 MS MSobs pre= ± ×( . . ) ,1 01 0 026  (7)
with P < 0.0001, N = 106 and r2 = 0.80. The linear relation-
ship obtained was characterized by a slope not significantly 
different from one (P = 0.50), indicating an acceptable level of 
accuracy in the empirical model when predicting MS in rela-
tionship to T.
Thermal habitat predictions
The model results were analysed to obtain the variability of 
the daily average temperature at the basin and regional levels 
for two climatological windows, representative of the decade 
2000–2009 (present-day projection) and the decade 2040–
2049 (future scenario), respectively. At the basin scale, a 
general rise in average temperature up to 1°C with an aver-
age increase of around 0.6°C was found between the pres-
ent-day projection and the future scenario. The highest 
increase in temperature, corresponding to 1.8°C, was found 
in the Northern Adriatic Sea during the winter period. Lower 
increments, between 0.3 and 0.7°C, were computed for the 
central and deeper areas of the eastern and western sub-
basins, throughout the whole year. At the regional scale, in 
the Sicilian Channel, the surface temperature varied consid-
erably from the southern, warmer part of the channel to the 
northern, colder one. According to the present-day projec-
tion results, the southern area was characterized by high 
variability in surface temperature [with the lowest values 
during the winter (between 14.5 and 20.7°C, monthly aver-
aged temperatures) and the highest values in summer 
(between 21.5 and 30.1°C, monthly averaged tempera-
tures)]. This was especially true in the shallow water banks 
in front of Tunisia. For this area, the increase in surface tem-
perature between present-day projection and future scenario 
ranged between 0.3 and 1.3°C, with the maximal increment 
found during the autumn and the minimal increment during 
the spring. The northern area was characterized by low vari-
ability of the surface temperature. This was due both to the 
presence of Atlantic Water, which restrains the seasonal 
changes of temperature along the Sicilian coastal areas, and 
to the higher latitudes. The lowest temperatures were com-
puted during the winter (ranging between 13.1 and 18.5°C, 
monthly averaged temperatures) with maximal and minimal 
values found in December and January, respectively. During 
the summer, the computed monthly averaged temperature 
varied between 17.5 and ∼26.5°C, with the maximum found 
in August and the minimum in June. Along with the lower 
variability, the results obtained by the future scenario 
revealed a marked increase in the surface temperature in the 
southern part of the basin. The increase in temperature var-
ied between 0.2 and 1.5°C, with the maximum value during 
the autumn and the minimum in the spring.
Physiological–oceanographic coupling 
at basin scale
At basin scale, the MS and NMS of the two fish species were 
computed using surface water temperature data obtained by 
a simulation run (MOD1) for the present-day projection 
and the future scenario. The distributions of the THS 
obtained from the present-day projection and the future 
simulated scenario are shown in Fig. 3. The present-day 
projection results show a clear distinction between the val-
ues obtained for the eastern and the western parts of the 
basin, with high THS values found in the former. This is in 
line with the existing data on distribution, which suggest 
that the  current thermal habitat of the eastern basin is suit-
able for the marbled spinefoot, while in the western basin 
the THS values are as low as 50–60% of the maximum. In 
contrast, most of the Mediterranean Sea shows relatively 
high THS for the salema, in line with the current widespread 
distribution of this species (data for salema, www.fishbase.
org; data for the marbled spinefoot, Azzurro et al., 2013b). 
Based on the THS isoline including 95% of the current dis-
tribution of marbled spinefoot and salema, a threshold 
below which the thermal habitat conditions become unsuit-
able in each species (TMS) was identified as 0.62 of the max-
imal THS. The future scenario results show an increase in 
the extension of areas thermally suitable for the marbled 
spinefoot, such that virtually all of the Mediterranean Sea 
shows THS values >62% of the maximum. Conversely, for 
the salema, the thermally suitable area decreases in size, 
with large areas showing values around 50–60% of the 
maximal THS along the Lebanese and Tunisian–Libyan 
coasts.
Physiological–oceanographic coupling 
at regional scale
The numerical approach used at the regional scale allowed 
the reproduction of the hydrodynamic conditions in more 
detail. The computation of the NMS for the two fish species 
was carried out at different depths (i.e. between 5 and 30 m), 
within the depth range of distribution of the two species [i.e. 
salema 0–70 m; marbled spinefoot 0–60 m (Louisy, 2005)]. 
The time series of NMS of the two species computed at five 
locations selected in the Sicilian Channel are shown in Fig. 4 
for the present-day projection and Fig. 5 for the future sce-
nario. For the present-day projection, the NMS of the salema 
showed a strong decrease in the summer. Conversely, the 
pattern of NMS for the marbled spinefoot showed an 
increase in NMS during the summer months, together with a 
higher overall NMS in southern than in northern sites. The 
future scenario showed a general increase of NMS in the 
marbled spinefoot in all stations and at all depths. In con-
trast, the NMS of the salema showed a general reduction, 
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especially during the summer. The spatial distributions of 
THS for the present-day projection and the future scenario 
are shown in Fig. 6. For the salema, the areas of high THS 
value tended to decrease in size in the future scenario com-
pared with the present-day projection, especially in the 
southern sites, while the opposite is true for the marbled 
spinefoot. This trend is confirmed by comparing the coexis-
tence factor between the present-day projection and the 
future scenario (Fig. 7). The future scenario showed an 
increase of the areas where the CF < 0 (i.e. areas where THS 
of the marbled spinefoot is higher than that of the salema) 
and where CF = 0 (i.e. areas where THS is favourable for 
both fish) and a decrease of areas with CF > 0 (i.e. areas 
where THS of the salema is higher than that of the marbled 
spinefoot). Note that where CF = 0, the QMS of both fish 
species were always equal to one so that no cases of THS 
unfavourable for both fish species were found. Specifically, 
when comparing the present-day projection with the future 
scenario, the area of suitability increased from 4 to 7% for 
CF < 0 and from 66 to 82% for CF = 0, while it decreased 
from 30 to 11% for CF > 0.
Discussion
Our work represents the first attempt at comparing the phys-
iological performance of a native fish species with that of its 
invasive counterpart integrated with an oceanographic mod-
elling approach. For the present-day scenario, our basin-scale 
model showed higher THS for the invasive marbled spinefoot 
in the Eastern compared with the Western Mediterranean 
Sea. According to our basin-scale model, over the next 
40 years the THS of the marbled spinefoot is expected to 
increase in the Western Mediterranean Sea, reaching values 
currently found in the Eastern Mediterranean, where the spe-
cies is already well established (Golani, 1993).
The relationship between aerobic scope and temperature 
is in agreement with previous work that explored the effects 
of temperature on the physiological performance of siganids 
(Saoud et al., 2008). Saoud and colleagues found that growth 
rate [a variable known to be affected by aerobic scope 
(Pörtner and Knust, 2007; Khan et al., 2014)] was maxi-
mized in marbled spinefoot kept at 27°C (Saoud, et al., 
2008). However, no data are available on the effect of tem-
perature on the physiological performance of the salema. 
Interestingly, the metabolic scope of Mugil cephalus (a coastal 
fish species commonly found near the surface within a shal-
low depth range; Louisy, 2005) show similar, though slightly 
higher, values Topt to those found here for the salema, i.e. 
∼25°C (Cucco et al., 2012a).
The thermal habitat suitability of both marbled spinefoot 
and salema largely matched the current distribution patterns 
of the two species. Currently, the marbled spinefoot occupies 
most of the Eastern Mediterranean but has not yet entered 
the western basin. Interestingly, the only part of the eastern 
basin where the marbled spinefoot has not been reported is 
the northern Aegean Sea (Zenetos et al., 2010; Golani et al., 
2002; Vergés et al., 2014b). Our model showed relatively low 
THS values for this area, similar to those found in the Western 
Mediterranean Sea. The competitive superiority of the mar-
bled spinefoot in the Eastern Mediterranean Sea when com-
pared with salema may also be due to its greater adaptability 
to fluctuating environmental conditions (Bariche et al., 
2004). Juvenile marbled spinefoot were found to be highly 
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Figure 3: Thermal habitat suitability (THS) computed for the whole 
Mediterranean Sea from the basin-scale model results. (A) Thermal 
habitat suitability of the salema computed from the present-day 
simulation results. (B) Thermal habitat suitability of the salema 
computed from simulation results of the future scenario. (C) Thermal 
habitat suitability of the marbled spinefoot computed from present-
day projection results. (D) Thermal habitat suitability of the marbled 
spinefoot computed from the simulation results of the future 
scenario. Black dots represent the sites where the fish species were 
observed.
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tolerant to variations in temperature and salinity, oxygen 
deficiency and overcrowding (Ben Tuvia et al., 1973; Popper 
and Gundermann, 1975).
According with the predictions based on the IPCC scenar-
ios (IPCC, 2013), over the next 40 years the thermal proper-
ties of the Western Mediterranean could become suitable for 
the marbled spinefoot, if it reaches similar temperature val-
ues currently occurring in the Eastern Mediterranean. At the 
same time, large sectors of the eastern basin (e.g. Lebanese 
and Libyan coast) could become thermally unsuitable for the 
salema, which could progressively restrict its distribution to 
the western basin. Hence, the marbled spinefoot is expected 
to move into the western basin and compete with the salema. 
In the eastern basin, we predict that it will slowly replace the 
salema in several areas, as has already happened in the coastal 
waters of Lebanon (Bariche et al., 2004). The salema was still 
an abundant species in the 1930s, when a modest population 
of marbled spinefoot occurred along the coast of Lebanon 
and Syria. The marbled spinefoot population has increased 
significantly since then, and competition between the two 
species was noted in the 1960s in the same area (reviewed by 
Kalogirou et al., 2012). Considering the absence of salema 
along the coast of Lebanon in recent observations (Bariche 
et al., 2004), the displacement process of the native fish can 
be estimated to have occurred within the past five to seven 
decades.
The documented spread of the marbled spinefoot in the 
Eastern Mediterranean has led to important consequences 
for the composition and structure of subtidal benthic com-
munities. This has caused algal forests to turn into ‘barrens’, 
where canopy algae abundance, benthic biomass and species 
richness are dramatically reduced. Recent work has found 
functional differences in the feeding behaviour of the salema 
and the marbled spinefoot (Vergés et al., 2014b). Although 
the salema showed a higher overall feeding rate in terms of 
biomass consumption, this temperate fish species feeds exclu-
sively on adult microalgae, while the marbled spinefoot feeds 
on both adult microalgae and epilithic algal matrix, which, in 
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Figure 4: Present-day projection. Temporal variability of the daily normalized MS computed for salema (red line) and for marbled spinefoot (blue 
line) at different depths for the five selected sites in the Sicilian Channel, throughout the year (averaged over 10 years). Left panel refers to results 
at 5 m depth and right panel at 30 m depth.
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most cases, contains microalgal recruits. Therefore, the 
reduction in the epilithic algal matrix biomass, caused by the 
feeding habits of the tropical marbled spinefoot, can severely 
affect the biomass and biodiversity of the temperate reefs 
(Vergés et al., 2014b). This does not only cause a direct 
reduction in the algal abundance and diversity, but also 
implies a loss of critical habitat for understory algae and 
many invertebrates that live in the algal canopies (Vergés 
et al., 2014b), which are the prey for the majority of carnivo-
rous fish species.
The Sicilian Channel area may be considered the ‘door’ to 
the western basin; therefore, we have focused our attention 
on this area, for which a high- resolution model was run. Our 
results suggest that the thermal habitat of the southern part 
of the Sicilian Channel will be increasingly more suitable for 
the marbled spinefoot than for the salema (Figs 6 and 7), and 
a population increase of the invasive species in these sectors 
(which include a large part of the Tunisian coasts) could 
 represent a significant step for the westward progress of the 
invasion. In areas such as Malta and south-eastern Sicily, the 
thermal suitability for marbled spinefoot and salema is pre-
dicted to reach similar values by 2050 (Fig. 7). Moreover, the 
northern part of the Sicilian Channel was predicted to become 
thermally suitable for both species (Fig. 6). Therefore, the 
invasion of the marbled spinefoot could potentially expand 
northward as a result of warming seawater conditions. 
Conversely, in south-western Sicily, THS could remain rela-
tively unsuitable for the marbled spinefoot.
Our findings could have implications for a variety of 
questions in ecology, invasive biology and climate change 
(Pörtner and Peck, 2010; Jørgensen et al., 2012). To predict 
the invasive potential of Lessepsian fish species, biotic pro-
cesses such as interspecific competition (Azzurro et al., 2014) 
need to be taken into account, in addition to the direct 
response to abiotic variables (i.e. temperature increase, 
induced by global warming; Killen et al., 2013). The present 
model is, admittedly, simplistic. In a warming scenario, spe-
cies distribution shifts are likely to depend on a number of 
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Figure 5: Future scenario. Temporal variability of the daily normalized MS computed for the salema (red line) and for the marbled spinefoot (blue 
line) at different depths for the five selected sites in the Sicilian Channel, throughout the year (averaged over 10 years). Left panel refers to the 
results at 5 m depth and right panel at 30 m depth.
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factors in addition to metabolic scope; these include food 
availability, predation and competition, as well as other abi-
otic factors, such as oxygen levels and salinity. However, 
temperature changes in the Mediterranean Sea could act as a 
critical factor influencing invasion success by affecting the 
physiological mechanisms responsible for invader superior-
ity in a global warming scenario (Ben Rais Lasram et al., 
2010; Albouy et al., 2012, 2013). Further work on our 
model could be directed at including additional variables, 
such as food availability, thereby increasing the predictive 
power of the model. Furthermore, a useful addition to the 
present study would be the individual-based analyses of spe-
cies' realized functional niches, aimed at quantifying the 
possible functional overlap between the marbled spinefoot 
and the salema in various thermal conditions. An example is 
found in species-specific microhabitat utilization patterns of 
herbivores (Brandl and Bellwood, 2014). In addition, behav-
ioural work could be performed to test the possibility that 
competitive displacement may exacerbate the effect of tem-
perature on fish performance, leading to habitat relocation 
11
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Figure 6: Thermal habitat suitability (THS) of salema and marbled spinefoot computed for the present-day projection and the future 
scenarios. (A) and (B) Thermal habitat suitability of salema and marbled spinefoot, respectively, computed from present-day projection 
simulation results. (C) and (D) Thermal habitat suitability of salema and marbled spinefoot, respectively, computed from future scenario 
simulation results.
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of the ‘loser’ species, as found in other competing fish pairs 
(Milazzo et al., 2013).
At present, different models have been used to assess fish 
distribution and abundance. One of the most common is the 
bio-envelope model, which examines the relationship 
between key climatic variables and species distributions, 
mostly based on historical distributional data (Ben Rais 
Lasram et al., 2010; Albouy et al., 2012, 2013). Here, we 
propose the use of a physiology-based model to predict fish 
distribution. This type of model relies on solid, reproducible 
laboratory experiments, and uses metabolic scope as a proxy 
for the ecosystem thermal suitability in different climate sce-
narios. In this respect, it provides an advance in the use of 
mechanistic, cause–effect approaches for understanding the 
effect of environmental changes on habitat suitability. This 
approach might provide a physiologically driven tool for 
understanding and predicting the distribution and relative 
abundance of marine fish.
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